Ultralow loading noble metal ͑Pt͒ electrodes, for proton exchange membrane fuel cells ͑PEMFCs͒, were prepared via dual ion-beam assisted deposition of pure Pt metal particles directly onto the surface of a noncatalyzed E-TEK gas diffusion layer. Activity enhancement, based on normalization with electrochemical surface area and mass activity is reported relative to a commercial gas diffusion electrode containing carbon-supported Pt electrocatalysts. The enhanced performance was primarily dictated by the cathodic oxygen reduction reaction. Based on the morphological differences, which enable such enhanced activities and the mass manufacturability of this electrode system, we report a significant new development in terms of materials for PEMFC application. Due to its many advantages compared with other fuel cell systems, there is worldwide interest in the development and commercialization of proton exchange membrane fuel cells ͑PEMFCs͒ for vehicular, stationary, and consumer electronics applications. It is well known that, in order for the technology to become commercially viable, the cost of production of the components in a fuel cell and, more importantly, the amount of the precious metal used as the catalyst must be reduced. In this context the role of the membrane polymer electrolyte-electrode interface is crucial, being at the core of the energy conversion process. At this interface efficient transport of ions, dissolved reactants ͑O 2 and H 2 or gases from reformat output͒ and products as well as electrons have to be maintained for sustaining high-current densities without reaching masstransport limitations early on. The introduction of supported platinum on carbon black has already helped lower the platinum loadings of PEMFCs from several milligrams per centimeter squared to about 0.5 mg/cm 2 . 1-4 Such a result was obtained by extending the reaction layer interface with the membrane electrolyte further into the electrode.
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Further research at Los Alamos National Laboratories was able to bring the cathode platinum loading down to 0.12 mg/cm 2 with very low or negligible loss in fuel cell performance. [5] [6] [7] [8] [9] This result was achieved using ink formulations containing supported catalysts and ionomer ͑typically solubilized Nafion͒ which was consequently applied either directly on the membrane ͑using a previously disclosed Los Alamos decal method͒ [6] [7] [8] [9] or on the gas diffusion electrode. [10] [11] [12] [13] [14] [15] Using such an approach resulted in a significantly higher catalyst utilizations, thus obtaining a more effective three-phase electrolyte-catalyst-dissolved reactant interface 5, 16 within the reaction layer and providing more efficient pathways for ionic and electronic mobility along with the transport of reactants and products.
Among these, early attempts to improve the electrocatalysts utilization was the use of electrodeposition methods, especially the pulse techniques which allowed for selective deposition on active portions of the catalyzed gas diffusion electrode. Among the early reports in this field were those by Taylor et al. 17, 18 where higher electrocatalyst utilization was reported as compared to conventional reaction layers with supported catalysts. Low Pt loadings of 0.05 mg/cm 2 were reported with minimal loss in performance when applied as cathodic oxygen reduction electrodes. Subsequently, several reports have shown the efficacy of pulse electrodeposition methods. These include those for controlled deposition of Pt ͑see recent Ref. 19 and 20 for further details͒ and Pt alloys. 21, 22 Further, formation of metal-polymer composites using pulse electrodeposition of Pt in conjunction with a conducting polymer [23] [24] [25] have also been reported. An alternative method, primarily focused on lowering the noble metal requirement has involved spontaneous deposition of Pt on other transition metals resulting in a decoration of nanoparticles with small islands of Pt. Prior work by Wieckowski et al. and Adzic et al. have shown very interesting edge effects resulting in an enhancement of activity. 26, 27 Most of these efforts relate to improving catalyst utilization as well as enhanced activity of CO and direct methanol oxidation.
However, in all these advancements the requirement of mass manufacturability with adequate quality control ͑reproducibility͒ was questionable at best. To this day, the only effort toward mass manufacturability of a low electrode noble metal loading has been reported by 3M. [28] [29] [30] [31] [32] This using a series of vacuum deposition steps with appropriate selection of solvents and carbon blacks results in a nanostructured noble metal containing carbon fibrils which are embedded into the ionomer-membrane interface. [31] [32] [33] Catalyst utilization can also be improved with the use of sputtering techniques particularly when a thin film of about 50 nm of Pt is sputtered onto the front of a standard gas diffusion electrode ͑GDE͒ with a supported electrocatalyst reaction layer. Srinivasan et al. 11 studied the effect of such localized platinum on the reaction kinetics. The major contribution from these earlier efforts has been the demonstration of the importance of having a higher concentration of localized platinum at the leading edge of the interface with the polymer electrolyte membrane. Application of these aforementioned approaches for commercial manufacturing has been discussed in a recent publication. 34 The improvement of the reactive layer by sputtering technique on precatalyzed and uncatalyzed electrodes has also been amply investigated by Hirano et al. 35 who surmised that the cathodic performance of a sputtered layer of Pt ͑0.1 mg/cm 2 ͒ can produce results similar to a conventional electrode with a loading of 0.4 mg/cm 2 . More recently, Haug et al. 36 have investigated the effect of the substrate on which platinum was sputtered. The best results were obtained with sputtered layers deposited directly on the GDL with optimal performance being those for a 10 nm thick layer of sputtered platinum. Further evidence of this approach is provided by a recent report by O'Hayre et al., 37 where a sharp increment in performance of a very thin layer of sputtered Pt ͑5-10 nm͒ is reported. Power density to the extent of three-fifths of the commercial MEAs ͑with conventional 0.4 mg/cm 2 ͒ is reported with one-fifth the Pt loading. Significant enhancement of catalysts utilization has been also reported in the context of direct methanol fuel cells ͑DMFC͒ using the sputter deposition where Pt-Ru alloys were formed by direct deposition on the polymer electrolyte membrane. 38, 39 All these prior efforts clearly indicate that alternative deposition methods to the conventionally supported platinum or platinum alloys can be used in PEMFCs having the potential of substantially reducing the total precious metal loading. However, in all these the core issue has been the applicability of the approach to mass manufacturing, cost of manufacturing, and reproducibility of the method. In the last decade there has been a very strong interest in finding alternatives to sputtering techniques in order to improve both deposition and reproducibility. An alternative has been the use of ion beam techniques 40, 41 for the direct metallization of polymer electrolyte membranes and/or gas diffusion layers ͑GDLs͒ with a catalyst layer for achieving a better catalyst-membrane interface, allowing for better catalyst exploitation and lower noble metal loading while overcoming some of the drawbacks of sputtering techniques. Moreover, extension of these deposition methods represents a promising step towards mass production, thereby enabling further cost reduction and ensuring reproducibility. [42] [43] [44] The objective of this work is to present an application of these ion beam deposition methods via the use of a dual ion-beam assisted deposition ͑Dual-IBAD͒ methodology as an improved technology able to produce Pt electrodes having ͑i͒ better utilization of the precious metal in the reaction layer and ͑ii͒ very low precious metal ͑Pt͒ loading. This technique enables direct coating of a metal layer on a noncatalyzed GDL thus producing in a single step an electrode having very low precious metal loading ͑0.04-0.12 mg/cm 2 of pure Pt metal͒ and high fuel cell performance for PEMFC applications. The IBAD technique has been used previously for a very wide range of depositions with varied applications 40, 41 and details of the deposition methodology are presented elsewhere. 42 Furthermore, the deposition technique has the advantage of being a low-temperature process, hence easy to scale up because it eliminates the conventional sintering steps required to stabilize the electrode prior to its incorporation in a membrane electrode assembly ͑MEA͒. More importantly, it allows production of a catalyst-polymer electrolyte interface entirely composed of metal nanoparticles/nanocrystalline thin film with control in size and distribution, while eliminating the need for a dispersing and supporting medium. Further exploitation of this deposition technique has the potential to initiate the creation of customized products for the micro fuel cell and sensor market. In this communication, we present an ensemble of fuel cell results as well as structure property correlations peculiar to this deposition technique in order to establish the validity of this approach for mass manufacturing ultralow loading Pt-based membrane electrode assemblies.
Experimental
Dual IBAD is a vacuum-deposition process that combines physical vapor deposition ͑PVD͒ with ion-beam bombardment. Vapors of coating atoms are generated with an electron-beam evaporator and deposited on a substrate. Ions are simultaneously extracted from the plasma and accelerated into the growing PVD film at energies of several hundred to several thousand electron volts ͑500 to 2000 eV͒. Ion bombardment is the key factor controlling film properties in the IBAD process, thus imparting substantial energy to the coating and coating/substrate interface. This achieves the benefits of substrate heating ͑which generally provides a denser, more uniform film͒ without degrading its bulk properties. The major parameters of the process are coating material, evaporation-rate, ion species, ion energy, and ion-beam and current density; the influence of all these parameters are described in detail elsewhere. [45] [46] [47] In this work, dual IBAD was used to directly deposit onto a commercially available noncatalyzed GDL ͑LT1400, E-TEK͒ a layer of pure Pt with prechosen deposition thicknesses of 250 and 750 Å. The ion-beam used power in the range of 500-2000 eV, and the total metal deposited on the GDL had a loading between 0.04 mg/cm 2 to 0.12 mg/cm 2 . The gas diffusion layer design consisted of a threedimensional woven web structure comprised of a carbon cloth support as a substrate with a coating of Teflonized carbon providing for a matrix of ͑with Vulcan-XC 72 Cabot͒ and Teflon. Such a GDL has also improved tensile properties and surface roughness which is perfectly suited for superficial metal deposition obtained through IBAD. Comparison was made with respect to conventional electrodes containing supported Pt/C ͑anode and cathode side͒, 0.5 mg/cm 2 ͑each electrode, total loading of 1 mg/cm 2 precious metal͒ with conventional 30% Pt/C electrocatalysts ͑commercial electrodes from E-TEK, a division of De Nora North America, Somerset, NJ͒.
The membrane electrode assembly ͑MEA͒ was prepared using a Nafion 112 membrane ͑DuPont͒. Prior to MEA fabrication, the membrane was cleaned by immersing in boiling 3% H 2 O 2 for 1 h followed by boiling 1 M H 2 SO 4 for the same duration with subsequent rinsing in boiling deionized water ͑1 h͒. This procedure was repeated at least twice to ensure complete removal of H 2 SO 4 . The MEA was fabricated in-house via hot pressing ͑100°C Ͻ T Ͻ 140°C, 5 Ժ Ͻ t Ͻ 10 Ժ , and 200 psig Ͻ P Ͻ 400 psig. All MEAs were tested in a 5 cm 2 single-cell fuel cell ͑Fuel Cell Technologies, Albuquerque, NM͒ using a standard fuel cell test station ͑built inhouse͒ designed to carry out steady-state polarization measurements. This cell allowed for simultaneous measurements of both single and half cell data with the aid of reference electrodes in the anode chamber ͑hydrogen reference͒. The fuel cell test station also allows independent control of humidification, cell temperature, and gas flow rate. All MEAs were conditioned prior to testing using a series of steps; the initial step involved a so-called breakin process in which the cell temperature is slowly raised ͑ap-proximately 20°C/h͒ from ambient temperature to the operational ͑80°C͒ under N 2 . After keeping the cell under these conditions for approximately 5 h in order to allow proper conditioning of the MEA assembly, the pressure was slowly increased to 50/60 psig ͑anode/cathode respectively͒. The gases were then switched to saturated H 2 /O 2 , and the cell allowed to equilibrate for a couple of hours. The cyclic voltammograms ͑CVs͒ were obtained using an Autolab potentiostat/galvanostat ͑model PGSTAT-30, Ecochemie, Brinkman Instruments͒. Pt wire and a reversible hydrogen electrode ͑RHE͒ were used as the counter and reference electrodes, respectively. The CVs were recorded between 0 and 1.2 V in 0.5 M HClO 4 at a scan rate of 20 mV/s. The morphological characterization of the electrodes was conducted using scanning electron microscopy/energy dispersive analysis by X-ray ͑SEM/EDAX͒ technique ͑Hitachi field emission SEM/EDAX, model number 5800 with Genesis model 136-10 EDAX containing a Z-max window for lighter elements͒. The SEM image was observed at different points along the electrode, top surface, and lateral cross section. For the lateral cross section a microtome ͑Reidhert ultracut model no. E with a diamond knife͒ with 0.5 m section size. The energy dispersive X-ray analysis ͑EDAX͒ was conducted simultaneously. The EDAX spectrum was recorded at several points along the cross section by moving the sample under the electron-gun, using an X-Y manipulator.
Results and Discussion
To avoid confusion between the various terminologies, the gas diffusion layer ͑GDL͒ refers to the noncatalyzed diffuser ͑LT1400͒ as described in the previous section, while the terminology gas diffusion electrode ͑GDE͒ refers to the catalyzed GDL; whenever we needed the various thickness/loadings of the GDEs that will be clearly pointed out ͑example, IBAD 750 corresponds to the electrode having a 750 Å thick Pt layer deposited directly onto the standard E-TEK GDL͒. The loadings corresponding to each of the two different thickness electrodes prepared via IBAD are the following 0.04 mg/cm 2 ͑IBAD250͒ and 0.12 mg/cm 2 ͑IBAD750͒. Thus when preparing an MEA, the total precious metal loading will be the one obtained by adding the cathodic and anodic sides of the cell ͑ex-ample, the MEA comprised of the IBAD750 will have a total precious metal loading of about 0.24 mg/cm 2 ͒.
X-ray diffraction (XRD) spectra.-The XRD patterns for the IBAD GDEs and of the noncatalyzed GDL are shown in Fig. 1 lines from the diffraction of Pt are superimposed on the background represented by the noncatalyzed GDL as well as to the internal sample reference ͑Si, showing the characteristic five sharp peaks used in this case to align the various diffraction patterns͒. The X-ray patterns shown in Fig. 1 clearly indicates that increased loading results in further enhancement of definition/resolution of each one of the Pt diffraction peaks. Judging from the spectroscopic features represented by ͑111͒ diffraction peak ͑2⌰ = 39.764°͒ and using the peak width at half intensity ͑Scherrer treatment͒, the crystalline size of the diffracting domains range in size between 90 and 100 Å ͑or 9.0/10 nm͒. Discussion of the remaining peaks present will be the subject of a more detailed paper wherein the relative population of various crystalline faces in the IBAD deposits will be compared to those typically encountered in supported catalysts. However the important distinction here is that the size of the diffracting domains is larger ͑90 to 100 Å͒ than those typically encountered in supported Pt/C where the range of particle sizes is 25-40 Å. These larger particle sizes represent a shift toward greater relative population of bulk crystalline faces on the surface as compared to supported Pt crystallite on carbon. Further, in contrast to supported Pt/C where small particles of Pt are typically embedded into a porous network of carbon support thus providing for a porous network of reaction centers on a conducting substrate, IBAD represents a coating of Pt onto the top porous carbon layer of the noncatalyzed GDL. From these the key differences are ͑i͒ the presence of higher proportion of bulk crystalline faces on the IBAD deposited surface and ͑ii͒ the fact that the IBAD deposits are not imbedded into porous carbon blacks, instead they represent top layer deposits. The global availability is higher despite the lower surface area manifested by the larger particle size. Figure 2 shows the SEM micrographs taken for noncatalyzed GDL ͑Fig. 2a͒ and after metallization, the IBAD750 GDE ͑Fig. 2b͒ with a magnification of 50,000 times. Pt deposition at the top surface of the noncatalyzed electrode is evident from the difference in contrast to Fig. 2b . This comparison clearly indicates that the porous nature of the noncatalyzed electrode remains unchanged as a result of the IBAD deposition. This is important from the perspective of mass transport of proton and dissolved reactants to the IBAD deposits ͑reaction centers͒. Further Fig. 2c and d show the nature of these IBAD deposits from the perspective of the electrode cross section as represented by 250 and 750 Å deposits, respectively. As noticed from these cross sections, the deposits are primarily limited to the top surface of the GDL; the increase of the thickness of the deposits between 250 and 750 Å is clearly evident. Further analysis of this cross section using EDAX will be presented in the full version of this paper. However from a qualitative perspective it is evident that the increase of the deposition thickness ͑as represented here using a comparison of 250 and 750 Å IBAD electrodes includes both an increase of the depth of penetration into the GDL structure and an increase of the density of Pt at the top surface. Finally, the fact that in the case of the IBAD, the deposits are primarily at the top surface of the electrode ͑as shown here͒, they represent a very different MEA configuration as compared to the conventional MEAs with supported electrocatalysts, in the latter the motivation is to extend the electrochemical polymer electrolyte-electrode interface further into the electrode reaction layer. In the IBAD structures, however, the interface is pushed further toward the immediate interfacial zone with the polymer electrolyte membrane.
Scanning electron microscope (SEM) measurements.-

Electrochemically active surface area and catalyst utilization.-
The electrochemically active surface area of the IBAD ͑250 and 750 Å͒ and standard E-TEK GDEs were estimated from the integrated charge in the hydrogen desorption region of the CVs. The areas ͑m 2 /g͒ were calculated assuming a correspondence value of 0.21 mC/cm 2 , obtained using a surface density 48 of 1.3 ϫ 10 15 atom/cm 2 , and accordingly to the equation
The calculated values of roughness factors ͑cm 2 /cm 2 ͒ as well as roughness factors normalized on the basis of Pt loading ͑cathode electrode, see the next section for details͒ are listed in Table I .
Steady-state polarization behavior in PEMFCs.-For comparison of the performance of PEM fuel cells, activity for the cathodic oxygen reduction reaction was considered exclusively. This was based on the fact that the anodic half-cell behavior for IBAD ͑250 and 750 Å͒ as well as the conventional electrode with supported catalyst ͑0.5 mg/cm 2 ͒ exhibited the same kinetics on a geometric surface electrode area basis, without need for IR correction, etc. This comparison is shown in Fig. 3 . Hence all the cell polarization curves primarily exhibited the activity changes due to cathodic oxygen reduction reaction.
In the context of the cathode electrodes, for IBAD electrodes a change from 250 to 750 Å deposition causes a corresponding increase in the electrochemical surface area ͑cm 2 /cm 2 , roughness factor͒ to 27%, the corresponding change in the activity ͑at 0.9 V vs RHE͒ normalized with respect to real surface area, is ϳ50% ͑Table I͒. From the perspective of a corresponding comparison with the mass-normalized electrochemical surface area ͑m 2 /g catalyst͒, while there is an expected lowering of surface area ͑ϳ54%͒, a concomitant lowering of mass activity is ϳ8.6%, ͑at 0.9 V vs RHE͒ which is just above the level of error inherent in these measurements ͑ap-proximately 5% in the range 0.75 to 0.9 V vs RHE͒ ͑Table I͒. Comparison with values obtained at 0.85 V vs RHE shows a similar trend for both ͑Table I͒, though numerically there were some differences. Comparison with the control, E-TEK ͑Pt/C,0.5 mg/cm 2 ͒ with IBAD 750 Å electrode, shows a 61% increase in the electrochemical surface area for the E-TEK electrode, the corresponding change in the activity ͑at 0.9 V vs RHE͒ normalized for real surface area shows a drop of 57% for the E-TEK electrode as compared to IBAD ͑750 Å͒ ͑Table I͒. A similar comparison based on mass specific area and activity shows that there is a lowering of massnormalized electrochemical surface area for the E-TEK electrode relative to the IBAD ͑750 Å͒ electrode to the extent of 38.5%, however, the mass-normalized activity comparison shows a more significant drop for the E-TEK electrode ͑relative to IBAD 750 Å͒ to the extent of 74.2%. This is significant from the perspective of the new deposition method as our comparison indicates a more effective catalyst utilization as well as enhanced activity. This enhanced activity for the IBAD structure is the subject of a more comprehensive discussion in the full version of this manuscript. The different topology of the IBAD deposits has an important role to play in this context.
Conclusions
Dual ion-beam assisted deposition was successfully used to prepare platinum electrodes for PEMFCs. The results show that according to this methodology, it is possible to deposit thin layers of Pt on carbon electrode substrates with varied loadings without significantly altering the porous carbon electrode structure. The morphology of the deposits is very different from those typically encountered in carbon-supported Pt electrocatalysts, both from the perspective of the relative population of the surface crystalline planes as well as particle size. This method for preparing electrodes relies on concentrating the reaction zone closer to the polymer electrolyte-electrode interface instead of attempting to extend the interface further into the electrode reaction layer, the latter being the motivation behind the use of supported electrocatalysts such as the . Cell potential vs current density plots for the MEAs prepared using IBAD250 and IBAD750 ͑both anode and cathode͒ without Nafion impregnation at 80°C, Nafion 112 membrane, 50/60 psig anode, and cathode back pressure. The standard E-TEK electrode ͑LT140E-W; 0.5 mg/cm 2 ͒ is used for comparison with a standard Nafion loading of 0.5 mg/cm 2 . Inset in the figure shows the corresponding IR corrected Tafel plots for comparison of kinetic parameters ͑Table I͒. Also shown is the comparison of the half-cell polarizations for all electrodes measured under the same conditions. E-TEK electrode used in this work ͑control͒. The comparison of cell polarization characteristics represented the oxygen reduction activities as the anode polarization was negligible ͑as expected͒ and remarkably similar for both E-TEK and IBAD electrodes. The cathode activity comparison indicates the significant advantage for the IBAD electrodes both from a real surface area and more importantly from the perspective of the mass-specific activities. Thus this communication shows a commercially viable process was able to produce ͑by mass manufacturing͒ a low noble metal loading electrode with very superior activity in the PEM fuel cell context. The full paper will discuss further the details of electrocatalysis in the context of this new deposition method.
